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ABSTRACT

Laser Induced fluorescence (LIF) can be used to
determine the pressure and temperature of an UFg gas
sample. An external pulsed laser is used to excite
the gaes and a multichannel fibgr optics system
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INTRODUCTION

Laser induced fluorescence, both lifetime and intensity, can
be used to uniquely determine the temperature and pressure of UFg
gas. We have developed a system for extracting multi-channel
laser induced fluorescence (LIF) data from an operating gas
centrlifuge. This work was first reported by Gentry at the 4th
Workshop on Gases in Strong Rotation (1981). Since that time, the
technique has been refined, automated, and extended to include

pressure and temperature measurements simultaneously.

LASER INDUCED FLUORESCENCE IN UFg

Laser Induced fluorescence In UFg has been studied over s
pressure and temperature rangelv?'3 of interest to the gas
centrlfuge community. Excltatlion takes place in a broadband which
extends from 375 to 420 nm (see Flag. 1), peaklng at 392 nm.
Fluorescence is also broadband; extending from 400 to 455 nm, with
a peak at 421 nm,. The Ffluarescence spectrum is essentlally
independent of excitation wavelenqthl+4 and pressure.?

In & colllsionless gas, the fluorescence 1lifetime would
be approximately 56 us.2 Mnleculsr collisinns quench the
fluorescence, presumably by causina dlssorlatlon of the exclted
molecules. Slnce the molecular collision rate 1s dependent wupon
both number denslty and particle veloclty, the fluorescence life-
time Is dependent upon hoth pressure and temperature. This 1is

shown in Flg. 2.
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Oldenborg, g;_gl,4v5 have developed a simple model, based
on the level structure of Fig. 3, to explain the data of Fig. 2.
This rodel leads to the following expression for the fluorescence
11 fetime (1)1

1 + +
L ky * koP + k)P (a +8)P . (v

T - ——

1 +(a+8 +ylP + By °

P 1s pressure, and

Kus» key k3, a,B8,y are experimentally determined constants.

Each constant 1s assumed to satisfy an Arrhenlus relatlonship
of the form

k = Ae~E/RT (2)

wvhere E is the activation enerqy and R is the ideal gas constant.
A least squares fit to the data (Fig. ?) ylelds the constants
glven in Table 1.3

TABLE 1

Arrhenius Parameters for UFg Self-Quenching
Rate Constants at 392.1 nm

Rate Constant A ER (k)
Ky (2.30 + 1.13)*10° s-! '761.6 1 131.5
ke (1.3; ¢ 1.90)*10° torr-! s-! 2114 & 440
k1 (2.43 ¢ 0.68)*107 torr-! s-! 953.3 t+ 85.1
a 60.0 t 155 torr-! 1693 ¢t 751
B 11,2 + 19,3 torr-! 1731 & 517
Y 0.215 % 0.40i torr-? ~260.3 t 557.9

Data Range: 0.005 - 85 torr
20 - 60°9C (109 {ntervals)
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Fluorescence 1Intensity 1s also dependent an both molecular

number density and temperature. The fluorescence signal is of the
form

Y = Ie-t/t ’ (3)
where t = time
t = 1(n,T)
I = I(n,T)
n = gas molecular number density
T = temperature

The Intensity factor, I(n,T), 1iIs directly proportional to the
number of laser excited molecules which in turn 1s directly
proportional to the molecular number density, n. The temperature
dependence of I(n,T) arises from the UFg photon cross section
which has been measured by Wampler® et _al:

g = (1.312 + 0.012T - 8.5 * 10-3T2)10-%" cm?, (a)
for 20 < T < 60 T in OC,
and A = 392.1 nm,.

From the above discussion it can be seen that UFg gas
p: »ssure and temperature can be unfolded from measurements of
laser induced fluorescence lifetime and intenslity. The
"measurability™ of the pressure, P, and temperature, T, can be
defined as the rate of change of the observed characteristic with
respect to the rate of change of the desired parameter:

8t/r I 3t
MOT,T) = o715 7 a1
At/ P ot
M) = 2% 2 S
5)

ooy AL Tal (
(I,T) = 777 * 1 a1
AI/I P al
MIIP) = pop 5 1 gp
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M(t,T) and M(t,P) are determined from Eq. 1 and Table 1. These
are plotted in Fig. 4. M(I,T) is found using Eq. 4 and is plotted
in Fig. 5. M(I,P) is 1identically equal to 1.0 because both
intensity and pressure are directly proportional to molecular
number density.

A large measurability implies that the observed rharacteristic
is very sensitive to small changes in the desired parameter. For
example, M(t,T) = 4 implies that a 1% change in temperature will
be observed as a 4% change in fluorescence lifetime. Likewise, a
4% measurement error of lifetime will be reflected as a 1%
measurement error of temperature. A qulck study of Figs. 4 and 5
would suggest that lifetime measurements be used to determine
temperature and Intensity measurements be wused to determine

pressure.

APPARATUS

The UFg gas to be sampled is located withln a few centimeters
of the wall of the centrifuge. A moderately high vacuum 1{is
maintalned inslide (smaller radius) the gas region. Figure 6 1s a
schematic of the STR bowl and LIF optlcs.

An externally produced 392.1 nm laser beam is directed into
thg gas layer near the rotor wall and Lhe resulting fluorescence
light is transmitted to photomultiplier tubes located outside the
vacuum system. All hardware are positioned in the vacuum core,
far from the rotor wall, iIn order to avoid disturbing the gas

flow.
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Fig. 4. M(t,T) and M(1,P). The measurabllity of temperature

and pressure using fluorescence lifetime, T. The

temperature dependence of M(t,P) cannot be distinguished
on the scale of this plot.
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Fig. 5. M(I,T) and M(I,P). The measurablility of temperature and
pressure uslng fluorescence Intensity, I.
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Three internal mirrors direct the laser beam to intersect the
wall at an angle of 55° to the normal. Excited UFg molecules form
a line source of fluorescent light. A telescope produces an image
of fluorescing gas on the face of a fiber optics bundle, located
near the axis of the rotor. The telescope consists cf two lenses
(42 mm diameter x 150 mm focal length) and two broadband filters
that pass the fluorescence band (400 - 440 nm) and reject
scattered laser light (392.1 nm).

The flber optics bundle dissects the fluorescence image into
26 parts (see Fig. 7), representing 26 radial locations of gas
sgmnlec., The light from each of the 26 sub-images 1s carried via
its own 1ncoherent fiber bundle to an externally mounted
photomultiplier tube. Figure 8 1s a photograph of the optlcs

internal to the centrifuge.

Electronlics

Photomultiplier tubes -convert the fluorescence Into @n
electrical pulse. The analogue electrical signals are then digi-
tized and presented to an LSI 11/2 minicomputer through the use of
CAMAC based current integrators.

An occllloscope trace of a typlcal LIF signal is shown in
Fig. 9. The initial higher emplitude splke Is caused by scattered
light from the laser excitatlon pulse, which is far more intense
than the fluorescence signal. The luter, exponentially decaying
portion of the trace is the actual fluorescence signal, visible
after the laser has been extlingulshed. The fluctuutions are

caused mostly by photon statisties. In the {llustration of
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Flg. 7. The fiber optics bundle disects the contlnuous LIF image
Into 26 discrele packets and carrles the light to 26
photomultipllgr tubes located outslde the vacuum system.
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"Flq.

Photouraph of internal optlcs. The three rectangular
mircors dlrect the laser beam to the sample raglon. The
round mirror cullects the fluorescent 1llubl for the
telescope which Is conlalned In the black cylinder,
Twenty-six fiber bundles, seen al Lhe top, carry light
to the vacuum wall. The alumlipnum stand does not go Inlo

the centrlfuge.
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Fig. 9. LIF signal. The signal 1Is traced from an oscllloscope
photograph of LIF decay from a single laser pulse. The
crosshatched areas demonstrate how current integrators
can be used to sample the exponential slgnal.



Fig. 9, the gated current Integrators sample portions of the
curve. These samples can then be used in a least squares fit to
determine fluorescence lifetime and intensity.

Figure 10 can be used to explain how multiple samples are
taken of a single puise. The analogue pulse 1is split into three
identical pulses, using a matched signal divider, and presented to
three current integrators. Each integrator 1is separately gated
after a fixed delay from the laser pulse. The current integrators
are CAMAC modules under the control of an LSI 11/2 minicomputer.

Figure 11 is a photograph of a matched fanout. Figure 12 is
a photograph of a Delayed Gate Generator designed and bullt et
Los Alamos. Rll other electronics are commercially availlable.
The Delayed Gate Generators provide twenty gate pulses (front
panel) per trigger (rear panel). The width of each gate 1is
adjustable in ~ 6 ns intervals from 20 to 200 ns by means of wire
wrap pins. Delays are sequential (output 2 is delayed longer than
output 1, etc.) In steps of 5, 10, 20, 50, 70, 90, 100, or 200 ns
as determlned by the delay chips at the rear of the PC board. An
output at the rear panel, whlch is delayed like output %20, ran be
used to trigger a second module. Twenty of these modules (400
available gates) are sufficient to simultaneously cover all 26
optical channels in any running configuration. Figure 13 is a
photograph of the fanouts, Delayed Gate Generators, and current

Integrators mounted In a standard equipment rack.

System_Integretlon

The entire system 1s shown schematically in Flg. 14, The

laser beam enters the centilfuge through a quartz window in the
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Fig. l14. System schematlc.
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vacuum chamber wall. This window is tilted so that the reflected
laser pulse is seen by a photodiode. The photodioae signal, which
is proportional to the laser pulse intensity, Is recorded with a
current integrator. Since the fluorescence intensity 1is directly
proportional to laser pulse energy, this photodiode signal is used
to normalize the measured fluorescence intensity.

A second photodiode, which looks at scattered light from the
laser, 1is used to trigger the Delayed Gats Generators. The
LSI-11/2 is notified, via the CAMAC interface, when the current
integrators have recorded data. The computer requests/receives
data from each integrator then resets the inteqgrators in prepara-
tion for more data. Note that the photodiode also triggers a
delay pulser which again triggers the Delayed Gate Generators
after a pause of 40 ms. This allows background data to be
recorded in all Integrators. The background data is collected by
the computer, subtracted from the real fluorescence data, and the
result iIs normalized (divided by) to the laser monitor data.

To reduce the effects of photon statistics, multiple laser
pulses (typically 100) are collected and summed at ~ 10 Hz rate.
The collection of data over multiple laser shots allows the
computer to determine mean and standard deviation values for each
integrator.

At the end of each run, the computer does a least squares fit
to the data from each detector, determining both fluorescence
lifetime and Intensity. The results and data are put 1into

archival storage for later printout or plctting. Conversion of
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the lifetime-intensity data into pressure-temperature information

has not been automated.

Sampling
CAMAC housed current Iintegrators are used to sample the
photomultiplier output. The signal shape 1s known to be exponen-
tial, so the samples are used only to determine 1lifetime and
intensity. A simple-minded statistical analysls was used to

confirm the following intuitive features of sampling:

1) More samples are always better, but the incremental

improvement decreases rapidly above ~ 8 samples.

2) Sampling should begin as early as possible and continue

as long as practicable.
3) Sample Intervals should be contigyuous.

4) Sample widths should be adjusted so as to present equal
charge to each integrator (i.e. late time gates should be

wider than early time gates).

The current integrators cannot be used with gates wider than
~ 200 ns. The Delayed Gate Generators cannot produce a gate
narrower than ~ 20 ns. Effectively narrower gates can be made by

overlapping the samples. For example:

Gate 1 100 - 120 ns
Gate 2 110 - 130 ns
Gate 3 120 - 140 ns
etc.
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Other system considerations yield the following sampling

constraints:

1) No sample should begin within 100 ns of the laser pulse.
The reason for this 1s unknown, but samples taken before

100 ns usually appear high.

2) Samples should not be taken more than three lifetimes
after the laser pulse. The finite gas sample volume
within the centrifuge actually contains a distribution of
gas densitles. The lower pressure, longer 1lived
fluorescence part will dominate the signal at late times.
(Note: The software will record and store ell data, but
will use only data < 3 lifetimes in the least squares fit

to determine intensity and lifetime.)

3) No more than 14 samples may be recorded per optical
channel. This 1s a software array constreint and 1is not

inherent iIn the system.

Operating Range

The tewmperature range for the system 1s 1limited by the
avallable data base. The equatlons given for the temperature
dependence of fluorescence lifetime and excitation cross sectinn
are valid only in the range 209 - 60OC.

Figure 15 shows the data from the lé6th optical channel (of
the 26 avallable channeis) taken in the !2th run on Octnber 3,
1984. The data were taken in the Los Alamos centrifuge (STR) and

represent an accumulation of 200 laser pulses. The data show that
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the gas sample was at a pressure of 1.8 torr and 449C, which is in
the middle of the useful range of the LIF systenm.

Figure 16 demonstrates the high pressure limit of the system
due to the constraint that all sampling must be done between
100 ns and 3 decay times after the laser pulse. The gas sample
was at a pressure af 47.3 torr with e temperature of 490C.

The signal strength decreases as pressure decreases because
the number of initially excited molecules 1s proportional to
molecular number denslity. However, the fluorescence effliclency

Increases with lifetime.

Ng is propartional to n , (6)
where,
an
N = J‘ Nse't/'rd'r = NST ’ (7)
0
n = molecular number density ,
Ng = number of initlally excited molecules ,
and

N = number of fluorescence photons .

The result of these two relatlonships Is that the detected number
of photons w!ll fall only a factor of 15 when the pressure |is
reduced from 100 to 0.01 torr. The number of counts/lIntegrator
decreases slowly with pressure as the qate widths increase from
20 to 200 ns.

Below a pressure of ~ 1} torr (all gate wldths are 200 ns and

can no longer be wlidened In proportion to t), the number of counts
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per integrator will decrease proportionally with pressure. (Note:
the sensitivity of the photomultiplier/current Iintegrator system
is ~ 1 count/photon, so the signal strength can only be improved
by lncreasing the laser power.) Flgure 17 shows data taken near
the low pressure limit. This data was taken with a gas pressure
of 0.24 torr and is the sum of 50 laser pulses. Due to problems
with optics inside the centrifuge, the laser power delivered to
the gas 1s estimated to be only 100 ud/pulse. (The laser can
produce 5 mJ/pulse.) This implins that the low pressure limit for
the system should be ~ 0.02 torr. Accurate 1initial intensity
measurements can probably be made at 0.02 torr but gas diffusion
and centrifuge rotation may 1limit the time span over which 1life-

time measurements can be made.

RESULTS

The entlre LIF system was tested iIn the Los Alamos scoop test
rlg during September and October, 1984. These runs were used to
1) check reproduclibllity; 2) determine atsolute and relative
accuracles for both temperature and pressure; and 3) explore the
limita*tions of the system. The rotational speed of the centrlfuge
was held constant during these runs, but the gas Inventory and
scnop radial positinn were varied.

Nineteen photomultlipller tubes were avallable for these runs.
They were Installed In optlcal channels 3 through 23 excludling
channels 17 and 21. Channel 3 corresponded to the centrifuge wall

location at speed, and channels 4 through 2% move away from the
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vall (smaller radius). The number of available integrators (120
samples) limited to ten the number of channels whict could be
recorded simultaneously. Nineteen optical channels wer: .ecorded
in two runs, one recording channels 3, 5, 7, 9, 11, 13, .15, 18,
19, 21 and the other recording channels 4, 6, 8, 10, 12, 14, 16,
18, 20, 23. The two runs could be made within four minutes with
the actual sample time for each run being 5 - 20 seconds depending
on the number of laser pulses used (10 Hz pulse rate). Channel 18
was used for Intensity normalization.

Throughout this paper, locations will be given in terms of a

scaled distance X:

X(r) = w'a® (aﬁ-:?fl) (8)

where anqular veloclity
centrifuge radius
gas constant

temperature

- 0 o €
n n N

Reproduclbility
Standard deviatlons rur Intensity and lifetime were determined
by recording ten sets of data under identical ruﬁninq conditions.
Each set contained data frum ten optlcal channels ranging in life-
time from 10% to 1120 ni. Ten sets of data were recorded using 50
laser pulses per set and ten more scts were recorded using 200

laser pulses per set. The resulls are shown In Table 2.
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TARLE 2

Standerd Deviation
30 laser pulses 200 lsssr puless
Optioal | Lacation | Lifetims
Channel X (ns) | Lifstimg | Inteneity | Lifetime | Intensity
4 219 103.70 3.08 6.08 1.4% 468
6 641 137.07 3.3% 4.5% 0.9% 1.1%
s 1.07 187.66 1.3% 2.08 0.9% 1.78
1n 1.49 262.28 2. 2.7% 0.6% 2.78
12 1.91 n.m 0.9% 1.6% 0.5% 0.8%
2.33 402.92 2.8% 2.08 2.5 2.8
2.7 618.95 2.28 1.6% 1.08 1.2%
18 3.15 749.00 1.4% 2.9% 0.7% 1.%
20 3,59 911.85 1.0% 2.2% 1.2% 1.7%
23 4.6 1120.04 A.08 3.5% 2.2% 1.6%
L
Pressure Extremes

Intensity and 1ifetime data were taken for three gas
Inventorles under “whenl flow" condltlons, l.e. no lmpediments to
gas flow, Pressure and (emperature proflles were computed for
each gas inventory. The Intent was that the hlgh pressure ond of
the high gas Inventory, and the low pressure end of the low gas
Inventory would be bevond the useful range of the measurement

syslem.

Figure 18 shows the pressure proflles. The data are the

Intensity data normalized tn the wall pressure (X = 0), The
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Flg. 18. Prossure proflles for thron gas Inventorles under “wheal
flow® condlitlons. The solld lines are least squares
fits of tha datna.



intensity data from channel 3 (X = 0) are not valid because the
centrifuge wall intercepts the volume of the channel. The
radiating gas volume and therefore the apparent intensity are
reduced. However, lifetime datx are valid from this channel. The
wall pressure is determined by assuming that the gas next to the
wall surface 1s at the same temperature as the outside wall
temperature (known via other means) and the use of Eq. 1. Note
that the intensity data look very good down to the lowest pressure
recorded (0.2 torr).

The solid lines shown In Fig. 18 are least squares fits of
the data. A quality of the fit can be defined
£1 (oata%__: FitL)'r (9)

@] -

18

For these three data sets

0.N82 (high wall pressure - 75 laser pulses)

, = 0.052 (medium wall pressure - 100 laser pulses)

, = 0.050 (low wall pressure - 50 laser pulses)

Ahout } the average error Is due to channal 4 (X = 0.0068). This
channel’s preoximlity to the wall makes iL vulnerable to reflections
and/or fluorescence from wall materlals. Even dlscounting channel

4, devlations from the Ffit are qreater than thaose predicted by
Table 2.

Run Measured_ o _(I'lg. 18) Predicted_a_(Table_2)
1 A.A%X ?2.-2%
? 7.7% 2.7%

3 1.7% 7.8%



The above table, althoudh a small statistical sample, would
indicate that there exists a relative, channel to channel error of
~ 1% which cannot be improver through photon statistics (more
total laser energy). Not.: This analysis assumes that the true
pressure profile really is exponential.

Figure 19 shows the temperature profiles corresponding to
Fig. 18. The temperatures were calculated by using pressures, as
determined from the least squares fit (Fig. 18), and the measured
lifetime from each channel to solve Eq. 1. The continuous lines

through the data are “eyeball™ fits meant only to guide the eye.
Wheel flow theory asssumes a constant temperature throughout the
gas, an assumption not supported by the data.

The three temperature profiles of Fig. 19 can generally be
described as flat near the wall, then rising more rapidly as
pressure decreases, The rise becomes particularly rapid below

1 torr. Three explanations come to mind concerning this

unexpected temperature rise:
1) The profllas are corrects
2) The system blases long lifetime data;

3) Equatlon 1 1s incorrect.

An artificlally high temperature would be calculated if the
calculated pressure were low, or the measured fluurescence decay
time were short. The pressure proflles are shown in Fig. 18 and
aqgree wlth theory. Two physieal processes could shorten the

measured lifetlime. First, exclted molecules can diffuse out of
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Flg. 19. Temperature profiles for three gas Inventories underheel

"wheel flow™ conditions. The solld lines through the
data are meant only to gulde the eyc.
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the observed radial zone. (This 1s not important for pressures
above ~ 0.05 torr.) Second, the recorded intensity will decrease
due to the effects of geometric optics as the gas rotates away
from the telescope axis. (This effect could change the lifetime
of the lowest pressure recorded from 1770 ns to 1812 ns which
lowers the calculated temperature from 4199K to 4150K.) Finally,
Flges. 20, 21, 22 are offered as testimony to the quality uf the
lifetime data. These are the low pressure extremes for the three
runs discussed in thils section.

Fig. 2 shows some of the data base for Eq. 1. The equation
fits the data very well, but two observatlons must be made:
First, the temperature range is only 209 - 609C (293 - 3330K) and
no claim to validity outside this range 1is made. Secondly,
Eq. 1 uses twelve parameters. A glance at these parameters and
thelr error bars as listed In Table 1 would indicate that the
convergence of these parameters to thelr central values is not
very strong. Perhaps a different, but equally corsistent, set of

parameters would chanqe the temperature profiles of Fig. 19.

Effect_of Scoop

Using the medium wall pressure lInventory of the previous

section, lifetime and intensity data were recorded while the scoop

was adjusted to five radlal locations. The scoop was displaced
axlally several inches from the LIF observation region.

Table 3 and Fig. 23 describe the pressure preflles as a func-

tion of scoop location. The trend 1s toward a steeper proflile as

the scoop 15 pushed further Into the gas.
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Flg. 20. Low pressure fluorescence decay for high gas inventory.
Pressure cqual to 0.65 torr.
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Flg. 21. Low pressure fluorescence decay for medlum gas lInventory.
Pressure equa! to 0.50 torr,.
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Flg. 22.

Low pressure fluorescence decay for low gas inventory,
Pressure cvqual to 0.17 torr.
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Filg. 23. Pressure profiles for medium gas Inventory at flve
gas scoop locatlons. The lines through the data are
exponentlal least squares flts (sec Tahle 3).
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TABLE 3

Scoop_Location Fit_(18_channels) g
> 10.0 30.94 exp (.98%4 *X) 5.23%
10.0 27.20 exp (.989 *X) 5.42%
7.05 29.28 exp (1.00 *X) 5.34%
4.52 29.62 exp (.996 *X) 5.38%
2.84 27.61 exp (1.05 *X) 6.04%

The lead factor of the fit 1s the wall pressure (torr) as
determined from an externally measured wall temperature and the
fluorescence lifetime in channel 3. A comparison of these numbers
I1s an Iindication of the absolute accuracy of the measurement.
(The fifth line should be excluded because the gas loss rate was
high during this run.) This would appear to be a worst case since
these_pressures are deduced from lifetime data recorded in channel
3 and subject to the wall effects of reflection and fluorescence,
but the mean and standard deviatlon of the firsc four lilnes In
Table 3 are 29.26 torr %t 5.3% which just happens to be the same
accuracy as all the other pressures as determlned via Intensity
data.

Flgure 24 dlsplays the temperature proflles for these runs.
The overall gas temperature Increases only gradually untll the

sconp is placed far out into the gas.

CONCILUS INNS

The datn exhlblited here iIndlgate that the LIF system s

capable of absolule pressure and temprrature measurements to
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within a few percent when data is summed over at lsast 50 laser
pulses. At present the temperature determination 1s suspect
because the data base on which Eq. 1 1is founded needs to be
expanded to Include much higher temperatures. The useful pressure
range iIs approximately 0.05 to 50 turr.

The analysis used in this work 1s not complete. Equation &
shows that the excitation cross section, and therefore the
fluorescence intensity, 1is temperature dependent. The pressure
profiles should be corrected by including this temperature effect,
which In turn, affects the temperature profliles. The iteration
can be continued as needed. This procedure was not followed here
because Eq. 4 1s valid only in the temperature ranqe 20° - 60°C.
The empirical nature of this equatlnn means that It cannot be used

outslde this range. Aqaln, the useful ranne of this equation

needs to be extended.
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